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7KHVWXG\RIWKHWKHUPRG\QDPLFVWDELOLW\SKDVHWUDQVLWLRQVFULWLFDOSKHQRPHQDDQGPHWDVWDEOHVWDWHV
LVRQHRIPRVW LPSRUWDQWSUREOHPV LQPRGHUQVWDWLVWLFDOPHFKDQLFV >@ ,W LVZHOONQRZQWKDW WKH
WKHUPRG\QDPLFHTXLOLEULXPEHWZHHQWZRSKDVHVRIDV\VWHPDORQJWKHWUDQVLWLRQFXUYHLVGHWHUPLQHG
E\ WKHHTXDOLW\RIWKHLUPRODU*LEEVIUHHHQHUJLHVZKLOHWKHVWDELOLW\RIHDFKRIWKHPLVGHWHUPLQHGE\
LWVPLQLPXPFRQGLWLRQIRUDJLYHQSKDVH'LVDSSHDUDQFHRIWKLVPLQLPXPLWVFRQYHUVLRQLQWRVDGGOH
SRLQW DQG WKHQ LQWR WKH PD[LPXP PHDQV D ORVV RI WKHUPRG\QDPLF VWDELOLW\ E\ WKLV SKDVH WKH
VSLQRGDO)RUWKHILUVWNLQGWUDQVLWLRQVWKHHTXLOLEULXPZLWKRWKHUSKDVHRFFXUVHDUO\WKDQWKHORVVRI
WKH WKHUPRG\QDPLF VWDELOLW\ ([FHSWLRQV UHSUHVHQW FULWLFDO UHJLRQV ZKLFK DUH REVHUYHG DW VRPH
WUDQVLWLRQV ,Q WKH JHQHUDO FDVH WKHUH H[LVW PHWDVWDEOH VWDWHV 7KH\ FRUUHVSRQG WR ORFDO UDWKHU WKDW
DEVROXWHPLQLPXPRIWKH*LEEVIUHHHQHUJ\DQGFDQWDNHSODFHXQGHUVXFKFRQGLWLRQVZKHQDQRWKHU
SKDVH LV WKHPRVW VWDEOH SRVVHVVLQJ LWV DEVROXWHPLQLPXP > @ )RU FU\VWDOV WKH ILUVWNLQG SKDVH
WUDQVLWLRQVDUHVXEOLPDWLRQPHOWLQJDQGSRO\PRUSKLFWUDQVIRUPDWLRQV
0HWDVWDEOHVWDWHVRIIOXLGV\VWHPVKDYHEHHQPXFKVWXGLHG>@6XSHUFRROLQJDQGVXSHUKHDWLQJ
DUHFRPPRQIRUSRO\PRUSKLFWUDQVLWLRQV>@([SHULPHQWDOVWXGLHVRIFU\VWDOVVXSHUKHDWHGDERYHWKHLU
PHOWLQJSRLQWVKDYHEHHQKDPSHUHGE\RFFXUUHQFHRIODWWLFHGHIHFWVHVSHFLDOO\DWVXUIDFHVZKLFKDUH
OLDEOHWREHQXFOHLRIWKHOLTXLGSKDVH:HOOSUHSDUHGPRQRFU\VWDOVFDQEHVXSHUKHDWHGIURPWKHLQVLGH
>@0HWDOOLFVDPSOHVKDYHWREHVXSHUKHDWHGE\KLJKSRZHUHGFXUUHQWSXOVHV>@,WKDVEHHQREVHUYHG
WKHODVHULQGXFHGVXSHUKHDWLQJRIWKH3E^`VXUIDFHFRQVLGHUDEO\DERYHLWVPHOWLQJWPSHUDWXUH>@
7KHRUHWLFDOLQYHVWLJDWLRQVRIPHWDVWDEOHFU\VWDOVDUHFRPSOLFDWHGE\WKHVWURQJDQKDUPRQLFLW\
RI WKH ODWWLFH YLEUDWLRQV DW WHPSHUDWXUHV FORVH DQG HVSHFLDOO\ DERYH WKHPHOWLQJ SRLQWV 7KH TXDVL
KDUPRQLFDSSUR[LPDWLRQ OHDGV WRDQHVWLPDWLRQIRU WKHVSLQRGDOSRLQWRIDFU\VWDOZKLFK LVFORVHRU
HYHQEHORZLWVPHOWLQJWHPSHUDWXUH+RZHYHUDFRQVLVWHQWLQFOXVLRQRIDQKDUPRQLFWHUPV>@DQG
FRPSXWHUVLPXODWLRQV>@SURYLGHVUHODWLYHVWDELOLW\RIFU\VWDOVDERYHWKHLUPHOWLQJFXUYHV
%\WKLVPHDQV LQVSLWHRI WKHDERYHPHQWLRQHGH[SHULPHQWDODQG WKHRUHWLFDOGLIILFXOWLHV WKH
H[LVWHQFHRIFU\VWDOVVXSHUKHDWHGDERYHWKHLUPHOWLQJSRLQWVKDVEHHQILUPO\HVWDEOLVKHG%XWWKHOLPLW
RI WKHPHWDVWDEOH UHJLRQ RI VXFK D FU\VWDO DQG WKHPHFKDQLVP RI WKH ORVV RI LWV VWDELOLW\ LV DPRUH
FRPSOLFDWHGSUREOHP8VLQJWKHLPSURYHGVHOIFRQVLVWHQWSKRQRQWKHRU\3ODNLGDDQGFRZRUNHUVHJ
>@ KDYH VWXGLHG WKH VWDELOLW\ RI WKH IDFHFHQWHUHG FXELF IFF ODWWLFH ZLWK QHDUHVW LQWHUDFWLRQV
GHVFULEHGE\WKH0RUVHSRWHQWLDO>@VHHDOVR>@+RUQHU>@KDVQRWHGWKDWWKLVWKHRU\FDQQRW
EH XVHGLQLWVRULJLQDOIRUPLQWKHFDVHRIKDUGFRUHLQWHUDFWLRQVIRULQVWDQFHZLWKWKH/HQQDUG-RQHV
SRWHQWLDO 7R UHVROYH WKLV SUREOHP KH KDV SURSRVHG WR XWLOL]H LQ DGGLWLRQ D VKRUWUDQJH FRUUHODWLRQ
IXQFWLRQ
7KH SUHVHQW SDSHU LV GHYRWHG WR LWV DQDO\VLV RQ WKH EDVLV RI WKH FRUUHODWLYH PHWKRG RI
XQV\PPHWUL]HGVHOIFRQVLVWHQWILHOGIRUVWURQJO\DQKDUPRQLFFU\VWDOV&86)
7KHPLQLPXPFRQGLWLRQVIRUWKH*LEEVIUHHHQHUJ\DUHSRVLWLYLW\RIWKHVWDELOLW\GHWHUPLQDQW
LHWKH-DNRELDQRIDWUDQVIRUPDWLRQIURPWKHLQWHQVLYHWKHUPRG\QDPLFYDULDEOHVWKHWHPSHUDWXUH7
DQG JHQHUDOL]HG IRUFHV ^$` WR WKH H[WHQVLYH RQHV WKH HQWURS\ 6 DQG JHQHUDOL]HG FRRUGLQDWHV^D`
WRJHWKHUZLWK LWVSULQFLSDOPLQRUVZKLFKDUHFDOOHG WKH VWDELOLW\FRHIILFLHQWV ,Q WKHFDVHRIFU\VWDOV
^D` DUHWKHFRPSRQHQWVRIWKHGHIRUPDWLRQWHQVRU H PXOWLSOLHGE\WKHYROXPH9 DQG^$` WKRVHRIWKH
VWUHVVWHQVRU V  )RUFXELFFU\VWDOVWKLVFRQGLWLRQVWDNHWKHIRUP>@
% & & & & 7 &7 7 9! !  ! ! !            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ZKHUH%7 LVWKHLVRWKHUPDOEXONPRGXOXV&DEDUHWKHFRPSRQHQWVRIWKHHODVWLFFRQVWDQWWHQVRUVLQ
WKH)RLJKW QRWDWLRQ DQG&9 LV WKH LVRFKRULF VSHFLILF KHDW 7KH YLRODWLRQ RI DQ\ RI WKHVH LQHTXDOLW\
VLJQLILHVWKHORVVRIVWDELOLW\VSLQRGDOSRLQW
,QWKH&86)>@WKHVHOIFRQVLVWHQWSRWHQWLDOVFRQWDLQWKHPDLQDQKDUPRQLFWHUPVHDFK
RI WKHPEHLQJVHOIFRQVLVWHQWZLWKWKRVHRIWKHSRZHUH[SDQVLRQRIWKHLQLWLDOSRWHQWLDOHQHUJ\)RUWKH
KDUGFRUH LQWHUDWRPLF SRWHQWLDOV LW SURYLGHV WKH VWURQJ ORFDOL]DWLRQ RI HDFK DWRP QHDU WKH
FRUUHVSRQGLQJODWWLFHSRLQW>@%HFDXVHRIWKLVWKH&86)LVIUHHIURPWKHSUREOHPRIWKHSUREOHPRI
KDUGFRUHFRUUHODWLRQVWKDWKDVEHHQGLVFXVVHGDQGUHVROYHGE\+RUQHU>@IRUWKHVHOIFRQVLVWHQW
SKRQRQ WKHRU\
8VXDOO\LWLVVXIILFLHQWWRLQFOXGHLQWKHVHOIFRQVLVWHQWSRWHQWLDOVWKHDQKDUPRQLFLW\XSWRWKH
IRXUWKVRUGHUDQGWRWDNHLQWRDFFRXQWWKHKLJKRUGHUWHUPVE\WKHSHUWXUEDWLRQWKHRU\,QWKLVFDVHWKH
+HOPKROW]IUHHHQHUJ\RIDFXELFRQHFRPSRQHQWFU\VWDOZLWKSDLUZLVHFHQWUDO LQWHUDFWLRQV)U DQG
LWVHTXDWLRQRIVWDWHDWWKHK\GURVWDWLFSUHVVXUH3 DUHRIWKHIRUPHJ>@
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+HUH1 LV WKHQXPEHURIPROHFXOHV $YRJDGUR
VQXPEHUD LV WKH ODWWLFHSDUDPHWHURU WKHQHDUHVW
QHLJKERUGLVWDQFHYD 91WKHYROXPHRIWKHXQLWFHOO4  N7
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ZKHUH'Q DUHWKHSDUDEROLFF\OLQGHUIXQFWLRQV
,Q(TV DQG WKHH[SUHVVLRQV LQ WKHEUDFHVDUH WKH]HURWKDSSUR[LPDWLRQ WKDW LQFOXGHV
DQKDUPRQLF WHUPVXS WR WKH IRXUWKRUGHU) 3 )+ DQG3+ DUH WKH FRUUHFWLRQVE\ WKHSHUWXUEDWLRQ
WKHRU\ ZKLFK LPSURYH WKH ]HURWK DSSUR[LPDWLRQ LQ SDUWLFXODU E\ WDNLQJ LQWR DFFRXQW WKH
DQKDUPRQLFLW\RIKLJKHURUGHUV)4 DQG34 WKHTXDQWXPFRUUHFWLRQV
7KH&86)HQDEOHRQHWRWDNHLQWRDFFRXQWWKHPDQ\ERG\LQWHUDFWLRQVHJ>@DQGWKH
LQWUDPROHFXODUGHJUHHVRIIUHHGRPLQPROHFXODUFU\VWDOV>@,WDOVRKDVEHHQJHQHUDOL]HGWRFU\VWDOV
ZLWKFRPSRXQGODWWLFHV>@7KLVPHWKRGKDVEHHQXVHGWRLQYHVWLJDWHVWURQJO\FU\VWDOVZLWKYDULRXV
W\SHVRIFKHPLFDOERQGVVLPSOHYDQGHU:DDOVFU\VWDOVWKHVROLGLILHGQREOHJDVHVHJ>@
LRQLFFU\VWDOVDONDOLKDOLGHV>@DPHWDOVROLGVRGLXP>@DQGKLJKWHPSHUDWXUHPRGLILFDWLRQ
RI IXOOHULWHV& & & DQG&  HJ >  @5HVXOWVKDYHEHHQFRPSDUHGZLWK DYDLODEOH
H[SHULPHQWDOGDWD
,QDOOFDVHVDWWHPSHUDWXUHVEHOORZVRPHOLPLW7O WKHHTXDWLRQRIVWDWHKDVWZRURRWVD7
 D7ZKLFKFRDOHVFHDW7  7O $WKLJKHUWHPSHUDWXUHVLWKDVQRUHDOVROXWLRQV7KHXSSHUEUDQFKHV
RI LVREDUVD7 FRUUHVSRQGWRWKHDEVROXWHXQVWDEOHVWDWHVEHFDXVHWKHLVRWKHUPDOPRGXOXV%77 D
$W7o 7O %7 o  DQGWKHLVREDULFVSHFLILFKHDW&3 o v +HUHZHFRQVLGHUWKHWKHUPRG\QDPLF
VWDELOLW\RIRQHFRPSRQHQWFU\VWDOVDQGWKHPHFKDQLVPRILWVORVV
)RU$UWKDWKDVWKH)&&ODWWLFHZHXVHWKH/HQQDUG-RQHVSDLUZLVHSRWHQWLDO
   > @) U U U U U H      
ZLWK WKHPLQLPXPSRLQW UR  [ FPDQG WKHSRWHQWLDOZHOO GHSWKHN  . >@7KH
$[LOURG7HOOHUWKUHHERG\LQWHUDFWLRQV>@
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ZKHUHULM UMN UNLDUHWKHVLGHVRIWKHWULDQJOHIRUPHGEHWKHFHQWHUVRIWKHWKUHHDWRPVDQG- - -L L L  LWV
LQWHULRUDQJOHVDUHWDNHQLQWRDFFRXQW)RU1DWKDWSRVVHVVWKHERG\FHQWHUHG%&&ODWWLFHZHDGRSW
WKHHIIHFWLYHLQWHULRQLFSDLUZLVHSRWHQWLDOSURSRVHGE\6FKLII>@
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WKHVHYHQFRRUGLQDWLRQVSKHUHVEHLQJLQFOXGHG+HUH5  UV HN  .V  [FP2WKHU
SDUDPHWHUVOHDGWRUR  1RWHWKDWWKLVSRWHQWLDOSURYLGHVWKHDEVROXWHWKHUPRG\QDPLFVWDELOLW\
RI WKH %&& ODWWLFH DQG WKH UHODWLYH VWDELOLW\ RI WKH )&& RQH )LQDOO\ IRU WKH KLJKWHPSHUDWXUH
PRGLILFDWLRQRI&ZLWKWKH)&&ODWWLFHZHXWLOL]HGWKH*LULIDOFRSRWHQWLDO>@
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LQZKLFKV  UD ZKHUHD LVWKHUDGLXVRIWKHKDUGFRUHRIDPROHFXOHZKLFKWRJHWKHUZLWKFRHIILFLHQWV
D DQGE JLYHHN  .DQGUR  [FP
,Q )LJ  ZH VKRZ WKH QRUPDO LVREDUV3   EDU IRU VROLG $U 1D DQG IXOOHULWH & LQ WKH
GLPHQVLRQOHVVIRUP7  4H D  DUR 6\PEROV$U1DDQG&VLJQLI\WKHWHPSHUDWXUHV7O IRUWKHP
7KH\FRUUHVSRQGWRDQG.UHVSHFWLYHO\1RWHWKDWPRUHUHDOLVWLFSRWHQWLDOSURSRVHG
IRU$UE\%DUNHUDQG%REHWLF>@OHDGVWRVLPLODUUHVXOWV$ORQJWKHORZHUEUDQFKHVRIWKHLVREDUVWKH
WKHUPRG\QDPLFSURSHUWLHVKDYHEHHQFDOFXODWHGLQFOXGLQJWKHFRHIILFLHQWVRIVWDELOLW\,QDOOFDVHV
7&9 UHPDLQ SRVLWLYH XS WR 7O :H VKDOO DQDO\]H WKH EHKDYLRU RI RWKHU PHFKDQLFDO VWDELOLW\
FRHIILFLHQWV
7KHRWKHUILJXUHVGHPRQVWUDWHWKHPHFKDQLFDOVWDELOLW\FRHIILFLHQWV&7 %7 & 
& & )RUVROLG$U)LJWKH\UHPDLQSRVLWLYHXSWR7O ZKHUHRQO\%7 JRHVWR]HUR+HQFHIRULW
DQGIRURWKHUVLPSOHYDQGHU:DDOVFU\VWDOV76  7O DQGQHDUWKHVSLQRGDOSRLQWRXUHVWLPDWLRQJLYHV
%7 a 76  7 7KH%&&ODWWLFHRIVRGLXP)LJORVVHVLWVVWDELOLW\DW7  76 #  .7O ZKHQWKH
VKHDULQJFRHIILFLHQW&&JRHVWKURXJKEHLQJ&& a 76  7,QWKHFDVHRI&DWQRUPDO
SUHVVXUH )LJ  %7 JRHV WR ]HUR DW 76  7O WRJHWKHU ZLWK RWKHU VKHDULQJ FRHIILFLHQW & ERWK
EHKDYLRULQJDV76  7 1RWHWKDWDWKLJKSUHVVXUHV&EHFRPHV]HURDW763 7O3 ZLWKSRVLWLYH
%7 ,QWKLVFDVH&a 76  7
6RWKHWKHUPRG\QDPLFVWDELOLW\RIDFU\VWDODQGWKHPHFKDQLVPRILWVORVVDUHGXHWRWKHQDWXUH
RI LWV LQWHUDFWLRQ IRUFHV DQG W\SH RI WKH FU\VWDOOLQH ODWWLFHZKLFK DOVR GHSHQGV RQ LQWHUDFWLRQV 7KH
PHFKDQLVP RI WKH ORVV FDQ FKDQJH ZLWK SUHVVXUH0RUH WKRURXJK DQDO\VLV RI VXFK GHSHQGHQFH RQ
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